Clinical examination of the optic disc is a fundamental component of any ophthalmic evaluation, but it is especially important for diagnosis and management of glaucoma. The purpose of this article is to: (1) review the limitations inherent to clinical examination; (2) outline the rationale for adopting into clinical practice quantitative measures of the optic nerve head neuro-retinal rim tissue integrity derived from current optical coherence tomography imaging approaches; (3) describe recent developments in this area; and (4) highlight a few avenues of active research that hold promise for future translation to clinical practice.
are documented in a patient's record, twodimensional conceptual representations such as the cup-to-disc ratio are limited when applied to this complex threedimensional structure. For example, the edge of the optic 'cup' is commonly sloped, such that its dimensions will vary with the longitudinal position (axial depth) of the measurement plane. It is difficult to identify an axial plane with adequate precision under conditions of live examination (such as binocular indirect ophthalmoscopy) or even within stereoscopic photographs. Therefore, it is not surprising that even highly trained specialists do not agree with each other, or repeat with high precision, judgments about the degree of glaucomatous structural damage or the likelihood of its progression when viewing stereoscopic colour photographs of the optic disc. [3] [4] [5] [6] [7] [8] [9] So, while an initial diagnosis is likely to be a reliable judgment upon which most experts would agree, it remains difficult to detect subtle changes in optic disc structure on the basis of clinical examination with or without stereo photos. Hence, there has been intense interest over the past two decades in the ongoing development of imaging techniques capable of providing objective, quantitative, reliable measurements of optic disc structure. 10 With these proven capabilities, objective imaging techniques have become an integral component of both clinical examination and research in glaucoma.
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Confocal scanning laser tomography (CSLT): an important predecessor to optical coherence tomography (OCT)
Among these techniques, CSLT effectively paved the way. The Heidelberg Retina Tomograph ultimately grew to become the most thoroughly implemented and widely adopted platform for performing CSLT, and has been incorporated into clinical practice and glaucoma research, including as an ancillary outcome measure for randomised clinical trials. [12] [13] [14] [15] [16] [17] [18] CSLT provides a high-resolution, two-dimensional map of optic disc surface topography by detecting the strong reflection produced at the interface between the vitreous and the optic disc or retinal tissue. Once an axial reference plane and the optic disc margin are defined, the cup can be defined as that portion inside the disc where its surface lies posterior to the reference plane. Similarly, the neuro-retinal rim tissue can be measured with relatively high precision as the area inside the disc that lies anterior to (or 'above') the reference plane. However, there are three potential drawbacks to this approach, which can affect repeatability and accuracy. First, the disc margin is user-defined (subjective) and based on tissue reflectance properties that do not necessarily correspond consistently to specific anatomical structures (that is, the anatomy defining the disc margin can vary between eyes or even between radial sectors of the same eye). 19, 20 Second, the rim width measurements are made parallel to the axial reference plane, which does not reflect the geometric orientation of the nerve fibres passing through the rim in the vast majority of eyes. 21, 22 Third, variability of the axial ref-
erence plane ultimately hampers both the precision and accuracy of CSLT measurements and the ability to detect structural changes in glaucoma. [23] [24] [25] The latter constraint is akin to the problem facing clinicians during live examination and/or evaluation of stereo photos: it is difficult to establish a reliable axial reference plane. Given this inherent limitation common to both approaches, there is only modest agreement between CSLT and expert analysis of stereo photos for detecting progressive structural changes of the optic disc.
producing cross-sectional images through tissue with high axial resolution. This allows specific anatomical structures deeper within the optic nerve head to be identified with high precision and accuracy. These capabilities should ultimately solve both the reference plane and the disc margin problems by enabling those definitions to be based on direct visualisation of specific anatomic entities, such as the Bruch's membrane opening (BMO), the anterior scleral surface and/or the anterior scleral canal opening.
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Current and emerging OCT approaches for quantitative evaluation of the neuroretinal rim
Already, most OCT instruments used in a clinical setting include fixed scan protocols for glaucoma diagnosis and management, as well as software to report parameters of optic disc neuro-retinal rim thickness, rim area, rim volume and similarly, cup area or cup volume. OCT measurements of these structural markers already implemented in commercial OCT software packages are generally performing well in clinical research studies and enhancing diagnostic capability beyond isolated use of stereoscopic disc photos or other OCT parameters. [31] [32] [33] [34] [35] Yet this remains a very active field of research, which continues to develop and produce results that can be expected to influence clinical care and commercial instrumentation as new findings are confirmed and as new approaches are proven effective. One focal point in particular has shown early promise in clinical research studies and has begun to emerge as a new standard for OCT-based measurements of optic disc structure pertaining to glaucoma diagnosis. Specifically, this refers to an approach for measuring neuro-retinal rim thickness that is based on minimum distance mapping. As introduced by Povazay et al., 36 and subsequently shown by Chen et al. to have meaningful clinical utility, 37 measurements of optic nerve head rim tissue thickness derived via minimum distance determination have several important advantages. First and probably foremost is the geometrical relationship to the orientation of axon bundles as they pass through the rim area to enter the scleral canal and exit the globe. The minimum distance approach constrains the thickness measurement to being made at the thinnest point along the rim and as close to being perpendicular to the axon bundles as possible. 19, 20, 38 This theoretical strength proves to have meaningful clinical benefits such as avoiding the over-estimates of rim thickness produced by other methods that are based on less sound geometry, resulting in improved diagnostic performance 39 and stronger correlations to visual field sensitivity. 22, 40, 41 When the thickness of the optic nerve head rim tissue is measured in an OCT scan as the distance from the BMO point to the nearest point along the optic disc surface, it is commonly termed the BMO-minimum rim width (BMO-MRW) or simply MRW. 19, 20, 38 The MRW parameter enhances diagnostic performance as compared to methods of rim width measurement based on less appropriate geometry, such as implemented in CSLT or older OCT approaches, where the width is determined 'horizontally' (within the reference plane) and from an outer edge defined by the clinical disc margin instead of by specific anatomical features such as the BMO or anterior scleral surface. 39, 41 However, it is well known that optic discs with a larger diameter will have a thinner neuro-retinal rim for the same number and calibre of axons. Therefore, measurements of rim width (that is, rim thickness) need to be adjusted for disc size in order to have the best possible diagnostic utility. 38, 42, 43 Alternatively, the total cross-sectional area of rim tissue should be directly proportional to the total number and calibre of axons in each eye and thus unrelated to disc size. Hence the same approach for minimum distance mapping has also been applied to measure the optic disc rim area. 40 Gardiner et al. demonstrated that the minimum rim area (MRA) parameter exhibited stronger correlation to visual field sensitivity and to peripapillary retinal nerve fibre layer (RNFL) thickness than the Heidelberg Retina Tomograph-or OCT-derived 'horizontal' measurements of rim area. 40 Although it should be noted that the MRW parameter (rim width) correlated equally well to the visual field and RNFL thickness in that study even without adjustment for disc size. 40, 43 It is likely that disc size has greater impact at the extremes, that is, for very small or very large discs or discs of highly myopic eyes. 38, 41, 44, 45 Other similar approaches based on minimum distance mapping have confirmed the advantages it provides for glaucoma diagnostics. [46] [47] [48] Some of the earliest work in this area was conducted in experimental glaucoma models, which showed clearly that the disc rim tissue thinned earlier and to a greater degree than the peripapillary RNFL tissue. 42, [49] [50] [51] Thus, there may be additional benefits of applying OCT measures of the optic disc rim tissue to glaucoma diagnosis in a cross-sectional, population-based manner. However, other work has shown that measurement variability is somewhat larger for the disc rim measurements MRW and MRA as compared to peripapillary RNFL thickness. 52 This may be one reason that the correlation with orbital optic nerve axon counts over a wide range of glaucomatous damage is stronger for peripapillary RNFL thickness than for either of these two parameters of the neuro-retinal rim. 53 Future work on this topic likely will include development of methods for global optimisation of the minimum distance defining rim thickness, 36, 54 rather than the localised method currently employed, although recent work suggests that this will provide only marginal (if any) additional improvement. 54 Also important to consider and incorporate into commercial instrument reports will be the effect of normal ageing on rim parameters such as MRW and MRA. 55 
OCT angiography (OCT-A)
OCT-A is a remarkable extension of OCT technology, which enables non-invasive visualisation of tissue vasculature (that is, without needing an intravenous injection of a fluorescent contrast dye such as sodium fluorescein or indocyanine green). 56, 57 The fundamental basis of OCT-A is that the motion of red blood corpuscles (or other strongly scattering particles) within tissue dynamically alters the OCT reflectance signal, leading to variance of the local signal amplitude and phase. There are several different technical approaches by which the dynamics of OCT signals are detected and processed in order to derive OCT-A information, including visualisation of tissue vasculature and quantitative measurements of blood flow velocity. 58 However, existing clinical implementations of OCT-A for use in glaucoma management have so far focused on quantitative measurements of vessel density derived from two-dimensional angiographs. 59 It is anticipated that future assessment by OCT-A will include three-dimensional quantification of density and flow, particularly as the speed of OCT data acquisition increases and improved methods for dealing with flow projection artefacts are developed. 60, 61 Meanwhile, the bulk of evidence published to date indicates that capillary density decreases in proportion to the loss of tissue (such as thinning of the RNFL or macular ganglion cell layer/complex), [61] [62] [63] [64] [65] [66] [67] [68] [69] which would limit the potential benefit of adding OCT-A for clinical assessment of glaucoma. However, other studies have reported tantalising results suggesting that OCT-A is capable of detecting retinal vascular compromise in glaucomatous eyes with minimally affected visual fields (or hemifields), a stage some might call 'pre-perimetric glaucoma'. [70] [71] [72] [73] While it is also known that structural OCT measures such as thickness of the peripapillary RNFL and macular ganglion cell complex reveal neuronal loss at the same early ('pre-perimetric') stage, several studies have shown that the correlation to visual field damage is stronger for OCT-A measures of vessel density 72, [74] [75] [76] and that the latter offers information independent of structural loss, 76 indicating potential diagnostic and prognostic utility.
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Most OCT-A studies of glaucoma have focused on the circumpapillary region (that is, the radial peripapillary capillary plexus) and/or the macula region. To date, few studies have included or specifically focused on the optic nerve head vasculature. 62, 64, 67, 68, 70, 74, 79 One of those directly compared the optic nerve head to the macula in the same cohort of glaucoma patients and found that the optic nerve head was more revealing of decreased vascular density. 68 Other studies in which the peripapillary region was directly compared to the macula in the same eyes, found that the macular vasculature was affected either less than the peripapillary region or to a comparable extent. 66, 67, 69, 72, 73 OCT-A studies specifically focused on the optic nerve head have found generally that vascular density is reduced in a proportional and spatially correspondent manner to loss of neural tissue (such as rim and/or peripapillary RNFL thickness), 62, 64, 68, 70, 79 suggesting again that OCT-A may not provide additive information critical to clinical management. However, other studies have reported some dissociation between flow density and structure, suggesting that OCT-A measurements of optic nerve head vascular density may offer additional clinical information beyond standard structural parameters. 74 One other recent study demonstrated that OCT-A was able to reveal a reduction of optic nerve head functional vascular density in glaucomatous eyes with unaffected visual fields, although these eyes with preperimetric glaucoma already had manifest structural loss of the RNFL. 70 Taken together, the existing evidence indicates that capillary beds within the optic nerve head rim tissue, as well as the radial papillary plexus and superficial macular plexus, begin to involute in concert with loss of neural tissue (the retinal ganglion cell axons, cell bodies and dendritic arbour), consistent with histological observations reported decades ago. 80 Ultimately, longitudinal OCT-A studies should help to determine where along the pathophysiological sequence of glaucomatous damage capillary loss begins. 77, 78 Even if capillary loss is secondary to neural loss, it still may be detrimental to adjacent, otherwise healthy neural tissues (for example, at the boundary of an RNFL bundle defect). Moreover, the role of blood flow (that is, reduced flow within existing capillaries) may be important to glaucoma pathogenesis, which existing OCT-A capabilities are not yet able to address. While other methods such as laser speckle flowgraphy are better able to resolve flow, they do not have adequate spatial resolution to test these hypotheses. Future implementations of OCT-A with faster acquisition speeds may enable direct measurements of blood flow along with the high transverse and axial spatial resolution inherent to OCT technology. Another interesting role for OCT-A in glaucoma management, particularly in more highly myopic eyes, is to further clarify the underpinnings and meaning of peripapillary atrophy. 81 Focal defects (or 'dropout') of the choriocapillaris adjacent to the optic nerve head can be detected by OCT-A and have been shown to occur more frequently in advanced glaucoma and to be associated with lamina cribrosa abnormalities on structural OCT scans. 82, 83 This form of microvascular defect is also reported to be very strongly associated with perifoveal visual field scotomas. 84 Longitudinal studies are also needed to determine whether such microvascular defects contribute to axon damage or rather only a parallel manifestation of the connective tissue (lamina cribrosa and peripapillary scleral) deformations at the root of the glaucomatous disease process.
Future clinical potential: OCT for imaging the lamina cribrosa and its dynamic behaviour
There is another aspect of OCT imaging of the optic nerve head which, although not yet ready for routine clinical application, should eventually offer important insights to glaucoma pathogenesis and perhaps also contribute to patient management. That is, OCT enables depth-resolved visualisation and morphometric analysis of the lamina cribrosa anatomy. [85] [86] [87] [88] [89] It has long been thought that the lamina cribrosa is the primary site of injury to retinal ganglion cell axons in glaucoma. The ability to measure its depth, thickness, curvature and other aspects of its shape, as well as microscopic aspects of lamina cribrosa anatomy such as beam thickness, pore size, pore density and pore shape, should offer future insights into pathophysiology and the ability to refine estimates of risk for a given eye, that is, to help determine if an eye is relatively more or less susceptible to develop glaucoma or rapidly progressing disease. 90 OCT imaging of the lamina cribrosa for glaucoma assessment is still on the horizon for clinical implementation, and thus beyond the scope of this article, but readers are referred to other excellent recent reviews for more information on this topic. [91] [92] [93] In addition to the 'static' information about lamina cribrosa morphology and microstructure offered by OCT, another important area of glaucoma research with potential for eventual clinical use is evaluation of dynamic, biomechanical behaviour of the lamina cribrosa, peripapillary sclera and optic nerve head rim tissue. In this scenario, OCT is used to visualise and quantify structural changes of the optic nerve head in response to transient intraocular pressure elevation, which may reveal otherwise hidden susceptibilities to glaucoma. [94] [95] [96] One can imagine that integrating OCT-A into this kind of approach, perhaps on a sweptsource platform to improve penetration and signal strength, would offer another important dimension.
Conclusions
The ability of OCT to provide high-resolution, cross-sectional images through the optic disc tissue enables improved visualisation, as well as accurate and precise measurement of anatomical structures important to glaucoma diagnostics and pathophysiology. Important structural targets for OCT include the neuro-retinal rim tissue, the BMO, the anterior scleral canal opening and various aspects of lamina cribrosa morphology. Combined with emerging standards for clinical OCT scan acquisition protocols and morphometric measurements based on the minimum distance approach, the newer diagnostic parameters such as optic nerve head MRW and MRA offer meaningful benefits to glaucoma diagnosis and detection of progression. For example, it is likely that in some cases, optic disc rim thinning will occur prior to thinning of the RNFL or macular ganglion cell layer, which means OCT measurements like MRW or MRA could enhance early detection of glaucoma. These OCT-based neural rim measurements may also help differentiate glaucoma from other optic neuropathies (which generally exhibit less deformation and 'cupping'). Nevertheless, other structural imaging targets, such as thickness of the peripapillary RNFL and macular inner retinal layers, remain important for detection and management of glaucoma, not least because of their high testretest repeatability, so they should continue to be used in conjunction with OCT scans of the optic nerve head for maximum efficacy. Ideally, instrument manufacturers will include results of all three target areas in standard glaucoma reports going forward.
OCT-A is a remarkable extension of OCT technology, which is already proving to have a major impact on clinical research; it remains to be seen whether OCT-A should be incorporated into routine clinical imaging protocols for glaucoma management. Finally, OCT imaging of the lamina cribrosa, with or without dynamic manipulation, remains a more remote candidate for clinical application, but is nevertheless another promising avenue of active research.
